SBA-15-SO3H supported tungstophosphoric acid (TPA, H3PW12O40) mesoporous materials were synthesized by impregnation of TPA into the hydrothermally synthesized SBA-15-SO3H and the catalytic performances were compared for the esterification reaction. The physical and chemical properties of the catalysts were characterized by XRD, SEM/EDX, FT-IR and N2 adsorption/desorption techniques. The characterization results show that TPA/SBA-15-SO3H retained the typical mesoporous structure of SBA-15-SO3H. The experimental results indicated that TPA/SBA-15-SO3H is a more efficient catalyst than SBA-15-SO3H for the esterification reaction. The higher activity of TPA/SBA-15-SO3H compared with that of SBA-15-SO3H was consistent with the material having the low pKa value, confirming that the esterification rate was mostly dependent on the acid strength of the additional functional groups of solid acid catalyst. Accordingly, the reason for the catalytic activity difference was simply explicated by the effect of TPA, having low pKa value, affecting the pore structure and the total acidity.
Introduction
TPA is an important solid acid catalyst among the heteropoly acids, since it has superior properties, such as Brønsted acidity, structural interchangeability, high proton mobility and eco-friendliness [1] . Due to its structural features, TPA has been frequently used as an efficient catalyst for various organic reactions [2] [3] [4] [5] [6] . However, TPA has such deficiencies, as extremely low surface area (< 10 m 2 g −1 ), porous structure and thermal stability, which result in the limited usage of it in various acid catalyzed reactions [7] . Therefore, it is being used after impregnation onto various carriers, such as silica, active carbon, molecular sieves, Al 2 O 3 and so on [1] .
The surface modification of mesoporous silica, like SBA-15, using organosilane compound has opened up new possibilities of controlling not only the acid strength, but also the number of sites [8] . However, the catalytic activity of sulfonic acid functionalized SBA-15, named as SBA-15-SO 3 H is not very high, compared to homogeneous strong acid catalyst. Thus, impregnation of TPA on SBA-15-SO 3 H, with its combination of high surface area, large pore diameter, and high pore volume, is seen as a critical heterogeneous catalytic application.
In this study, we aimed to improve the catalytic activity of SBA-15-SO 3 H by impregnating TPA onto the sulfonic acid functionalized mesoporous silica SBA-15-SO 3 H * corresponding author; e-mail: gbeyhan@uludag.edu.tr and to test the performance of this material (TPA/SBA-15-SO 3 H) in the esterification of propionic acid with methanol.
Experimental
2.1. Synthesis of TPA/SBA-15-SO 3 H Sulfonic acid functionalized mesoporous silica (SBA-15-SO 3 H) was synthesized by using one-pot method, as described in the literature [9] [10] [11] [12] . In a typical synthesis, 4 g of Pluronic P123 triblock copolymer was diluted in the acidic medium until a clear solution was obtained. 7.69 g of TEOS, used as silica source, was added and stirred at 40
• C for pre-hydrolysis. 0.81 g of 3-mercaptopropyl trimethoxysilane and 8.37 g of H 2 O 2 were added, then the resulting mixture was stirred for 21 h at 40
• C, followed by aging at 100
• C for another 21 h under static conditions. To remove the template, extraction with ethanol under reflux for 24 h was realized.
To prepare TPA incorporated SBA-15-SO 3 H samples, 1 g of SBA-15-SO 3 H was impregnated with an aqueous solution of TPA (0.05 g/10 ml and 0.1 g/10 ml) and dried at 100 
the subscripts 1 and 2 indicate loading of TPA, which is 5% and 10%, respectively, according to the given formula.
Characterization
X-ray powder diffraction patterns were collected on a Bruker D8 Advance diffractometer using Cu-K α radiation for low (0.5
• to 3 • ) and high (10
The elemental analysis of the samples was studied using energy-dispersed X-ray spectra (EDX-QuantaBruker AXS). A Thermo Nicolet 6700 series infrared spectrometer was used for FT-IR analysis in normal transmission mode with a KBr detector, over the range of 4000-400 cm −1 at a resolution of 8 cm −1 , averaged over 32 scans. Nitrogen sorption isotherms were measured at 77 K with Quantachrome, Autosorb 1C sorption analyzer. Before the measurements, the samples were degassed at 200
• C in vacuum for 5 h. Surface areas were calculated using the Brunauer-Emmet-Teller (BET) method over the range of P/P 0 = 0.03 − 0.2, where a linear relationship is maintained. Pore size distributions were calculated using the Barrett-Joyner-Halenda (BJH) model, applied to the desorption branch of the isotherm.
Catalytic reaction
Stoichiometric ratio of propionic acid to methanol was (1:3) in the experiments performed at 333 K. 1,4-dioxane was used as solvent in all experiments. Samples, withdrawn at regular time intervals, were analyzed by titration with 0.1 M sodium hydroxide. Propionic acid conversion versus time was calculated according to Eq. (2) where C A0 and C A represent the propionic acid concentration in initial state and after t minutes, respectively.
Results and discussion
The X-ray diffractograms of pure SBA-15-SO 3 H and TPA/SBA-15-SO 3 H samples at low and high-Bragg angles are shown in Fig. 1a and b, respectively. All of the samples show three main peaks, matching well with the characteristic patterns of the well-ordered mesoporous silica. Even if the intensities of these peaks decrease for TPA/SBA-15-SO 3 H samples, which indicates the deposition of TPA within the mesopores, causing the deformations in the ordered structure of the pores, SBA-15-SO 3 H still keeps its mesoporous structure because of the low TPA loading.
In Fig. 1b , a broad peak around 24
• , which was observed for all samples, is corresponding to the amorphous structure of silica [13] . On the other hand, no characteristic peaks of bulk crystal TPA appear in TPA/SBA-15-SO 3 H materials, indicating the high dispersion of TPA on the surface of amorphous pore walls of SBA-15-SO 3 H [2] .
EDX analysis shows that TPA was incorporated into the SBA-15-SO 3 H sample (Fig. 2) . This situation is due to the large mesopores of SBA-15-SO 3 H, which allows TPA to pass into the pores of the material. This result is consistent with the N 2 adsorption/desorption result [14] . Consequently, TPA could penetrate into the mesopores of SBA-15-SO 3 H. The characteristic absorption peaks of mesoporous silica (Fig. 3 ) are evident at 450 cm −1 (SiO 4 ), 800 cm
, and a large band between 1000 and 1260 cm −1 (Si-O-Si) vibrations. In addition, the band at 1450 cm −1 can be assigned to the C-CH 2 -C vibrational mode, the band at 2850-2900 cm −1 is clearly observed as the C-H vibrations.
FT-IR spectra of TPA/SBA-15-SO 3 H were almost the same as those of the SBA-15-SO 3 H, except for the band around at 800 cm −1 , which increased with the increase of TPA loading amount, indicating the incorporation of TPA into the SBA-15-SO 3 H, and for the band at 960 cm −1 , which decreased with the increase of TPA loading amount, indicating that TPA was attached to the structure by means of free silanol groups.
The absorption peaks of TPA around 1082 (P-O band) and 980 cm −1 (W=O band) can not be observed, owing to the overlapping of TPA bands with those of SBA-15-SO 3 H [15] . In addition, as the TPA loading increases, the peaks at 1637 and 3450 cm −1 become broader. These bands are ascribed to the bending and stretching vibrations of bridging hydroxyl, because of the interaction of TPA and surface silanol groups of SBA-15-SO 3 H [5] . All N 2 adsorption/desorption isotherms (Fig. 4a) are of the type IV, according to the IUPAC classification and exhibited an H1 hysteresis loop, which is a characteristic of mesoporous solids. The adsorption branch of each isotherm showed a sharp inflection, which means a typical capillary condensation within uniform pores and considerable adsorption amounts indicate that there is a considerable volume of nanospaces, even after the introduction of TPA. In addition, narrow pore size distribution was observed (Fig. 4b ) for all samples, indicating long range order [5] .
According to Table I , as the TPA loading increases, the surface area and pore volume strongly decrease while pore sizes of the samples do not change dramatically. This situation might be caused by the fact that TPA molecules were distributed all over the external surface of the silicate structure and blocked the pores [13] . Narrow pore size distribution curve, the high BET surface area, mean pore size and pore volume, plus the distinct Xray reflection peaks demonstrate that the TPA/SBA-15-SO 3 H has a hexagonal mesoporous structure, as observed in the literature [16, 17] . As can be seen in Table I , SBA-15-SO 3 H has an acid site because of having sulfonic acid functional group the pKa value of which is 1.89. When TPA (pKa: 1.60) was anchored to SBA-15-SO 3 H, acid site increases because of having lower pKa value compared to sulfonic acid. As TPA loading increases, acidity values also increase and the results are as expected. It is clearly observed from Fig. 5 that with the increase in the loading of TPA, conversion X A also increases. The lower pKa value for TPA additional functional group was consistent with the enhanced acid strength and reaction conversion of the acid catalyst through a cooperative effect, due to the proximity of acidic groups. The mutual interaction between the acid sites increased for increasing surface concentration, due to the formation of hydrogen bonds between adjacent acid sites, leading to a higher overall acid strength of the solid catalyst [18] .
Conclusions
TPA was successfully anchored to the SBA-15-SO 3 H acid catalyst, which was evaluated in the methyl alcohol propionic acid esterification. As the TPA loading increased, the surface area and pore volume of the TPA/SBA-15-SO 3 H samples decreased. On the other hand, the acidity was enhanced by increasing the loading of TPA. The higher activity of TPA/SBA-15-SO 3 H, compared with that of SBA-15-SO 3 H, was consistent with the material having the lower pKa value, confirming that the esterification of methanol with propionic acid was mostly dependent on the acid strength of the additional functional groups of solid acid catalyst.
